The structure and genetic diversity of a California Cucumber mosaic virus (CMV) population was assessed by single-strand conformation polymorphism and nucleotide sequence analyses of genomic regions 2b, CP, MP, and the 3 nontranslated region of RNA3. The California CMV population exhibited low genetic diversity and was composed of one to three predominant haplotypes and a large number of minor haplotypes for specific genomic regions. Extremely low diversity and close evolutionary relationships among isolates in a subpopulation suggested that founder effects might play a role in shaping the genetic structure. Phylogenetic analysis indicated a naturally occurring reassortant between subgroup IA and IB isolates and potential reassortants between subgroup IA isolates, suggesting that genetic exchange by reassortment contributed to the evolution of the California CMV population. Analysis of various population genetics parameters and distribution of synonymous and nonsynonymous mutations revealed that different coding regions and even different parts of coding regions were under different evolutionary constraints, including a short region of the 2b gene for which evidence suggests possible positive selection.
The structure and genetic diversity of a California Cucumber mosaic virus (CMV) population was assessed by single-strand conformation polymorphism and nucleotide sequence analyses of genomic regions 2b, CP, MP, and the 3 nontranslated region of RNA3. The California CMV population exhibited low genetic diversity and was composed of one to three predominant haplotypes and a large number of minor haplotypes for specific genomic regions. Extremely low diversity and close evolutionary relationships among isolates in a subpopulation suggested that founder effects might play a role in shaping the genetic structure. Phylogenetic analysis indicated a naturally occurring reassortant between subgroup IA and IB isolates and potential reassortants between subgroup IA isolates, suggesting that genetic exchange by reassortment contributed to the evolution of the California CMV population. Analysis of various population genetics parameters and distribution of synonymous and nonsynonymous mutations revealed that different coding regions and even different parts of coding regions were under different evolutionary constraints, including a short region of the 2b gene for which evidence suggests possible positive selection.
RNA viruses are intrinsically heterogeneous, partly because of the error-prone nature of RNA replication (14, 20) . In addition, genetic exchange (either by recombination or by reassortment) can be another major evolutionary force which is able to rapidly increase variation and is proposed to have evolved to offset fitness losses due to the accumulation of deleterious mutations through the effect known as Muller's ratchet (6) . Other evolutionary factors such as selection, genetic drift, and bottleneck effects can serve to decrease diversity. However, in spite of the high potential for variability of RNA viruses, most RNA virus populations analyzed so far are genetically stable with relatively low diversity (17) .
Cucumber mosaic virus (CMV) is a tripartite, positive-sense plant RNA virus (Fig. 1) . CMV occurs naturally worldwide and has perhaps the widest host range among all plant viruses, including some monocotyledonous and a great number of dicotyledonous plant hosts (26) . RNA1 encodes the 1a protein, which together with the RNA2-encoded 2a protein forms the viral component of the replicase complex (19) . RNA2 also encodes a second protein, 2b. The 2b coding region overlaps the coding region for the C-terminal portion of the 2a protein but is in a different reading frame register. The CMV 2b protein functions in host-specific long-distance movement (12, 13) and as a virulence determinant by suppressing posttranscriptional gene silencing (3) . RNA3 encodes two proteins. The 3a protein is a cell-to-cell movement protein (MP), and the 3b protein is the capsid protein (CP), which is also involved in cell-to-cell movement and aphid-mediated CMV transmission from plant to plant (5, 27, 28) .
Various methods have been used to analyze the variability among different CMV isolates. These include the host range assay (26) , PCR-based methods, restriction mapping (31), coat protein peptide mapping (15) , dot blot hybridization (32), serological analyses (21) , RNase protection assays (16) , and nucleotide sequence analysis (8, 9, 33, 34, 39) . Most of these studies were phylogenetically oriented and allowed the subdivision of CMV isolates from throughout the world into three subgroups: IA, IB, and II (26, 33, 34) . The genetic structure of natural populations of CMV from Spain was analyzed (16), but genetic diversity based on genetic distances between haplotypes and polymorphism patterns of the CMV population was not. Studies of genetic structure and diversity would be important in helping to understand the evolutionary mechanisms that generate and/or maintain variation in viral populations and their evolution; thus, such studies may facilitate the development of strategies for the control of viral diseases.
In a previous study, we analyzed the biological and molecular variation of California CMV isolates by single-strand conformation polymorphism (SSCP) and by sequence and phylogenetic analyses of the CP gene (22) . Here we extend the analyses to other genomic regions (1a, 2a, 2b, MP, and the 3Ј nontranslated region [3Ј NTR]) and analyze the genetic structure, diversity, and various population genetics parameters for a California CMV population.
MATERIALS AND METHODS
Virus isolates. The biological characteristics, geographic origins, and collection years of the 81 California CMV isolates used here have been reported previously (22) . These isolates represent two groups; group ␣ contains 63 isolates collected from cucurbit plants in two growing seasons at the Kearney Agricultural Center, Parlier, Calif., in 1999, and group ␤ contains 18 isolates collected from various hosts and different California locations during 1985 to 1994.
RT-PCR amplification. Total RNA extraction, reverse transcriptase PCR (RT-PCR), and PCR were carried out as described previously (22) . Primers used for amplifying different genomic regions of CMV, designed according to CMV strain Fny (GenBank accession numbers for RNA1, RAN2, and RNA3 are D00356, D00355, and D10538, respectively), are listed in Table 1 .
Cloning and sequencing. RT-PCR products were purified by using the QIAquick PCR extraction kit (QIAGEN, Valencia, Calif.). The purified PCR products of the 2b, MP, and CP genes and of the RNA3 3Ј NTR were directly sequenced, and those of the 1a and 2a genes were ligated into pGEM-T (Promega, Madison, Wis.) according to the manufacturer's instructions, followed by transformation into Escherichia coli DH5␣. Recombinant colonies were screened by PCR using the same conditions described above. Nucleotide sequences were determined in both directions by means of a model 377 ABI PRISM DNA sequencer (Perkin-Elmer, Fremont, Calif.) in the Automated DNA Sequencing Facility of the University of California-Davis. Three colonies for each isolate were used for sequence analysis, and the consensus sequences were used for phylogenetic analysis. Sequences of oligonucleotide primers were excluded for nucleotide sequence comparisons.
SSCP analysis. RT-PCR products or bacterial-colony PCR products were used for SSCP analysis. For the MP gene, PCR products were first digested by KpnI in order to obtain smaller fragments and greater accuracy in SSCP. The DNAs were denatured and subjected to electrophoresis by the methods described previously (22) . All SSCP analyses were repeated at least twice, and only samples within the same gel were compared.
Sequence analysis. Multiple nucleotide sequence alignments were performed by using CLUSTAL W (40) . Alignments were manually adjusted by using MacClade, version 4.0 (24) . All the sequence alignments used in this paper are available upon request. Genetic diversity (the average number of nucleotide substitutions per site between two sequences) within and between populations and the degree of population subdivision were calculated by following the method of Lynch and Crease (23) . Population genetics parameters with respect to the total number of mutations, the statistic ⅙ from the number of segregating sites (S), the number of nonsynonymous mutations, the average number of nucleotide differences between two random sequences in a population (), the average number of synonymous and nonsynonymous nucleotide substitutions, and synonymous codon usage bias were calculated by the DnaSP program, version 3.99 (35) . The distribution of synonymous and nonsynonymous substitutions along the coding regions was analyzed by using the SNAP program (available at http://hiv-web.lanl.gov). Synonymous codon usage bias was measured by quantifying the "effective" number of codons (ENC) (41) that are used in a gene. For the nuclear universal genetic code, the value of ENC ranges from 20 (if only one codon is used for each amino acid, i.e., the codon bias is maximum) to 61 (if all synonymous codons for each amino acid are equally used, i.e., no codon bias).
Phylogenetic relationships were inferred by using the PAUP‫ء‬ 4.0b10.0 program with the maximum parsimony optimality criterion (38) . For all analyses, a limit of 100,000 trees was imposed. To avoid reaching the tree limit on the first replicate, a maximum of 100 trees were saved per replicate ("nchuck" option in effect). Gaps were treated as a fifth character state. Heuristic searches were performed by using 1,000 replicates of random taxon addition and tree bisectionreconnection branch swapping. Bootstrap analyses were performed by using 1,000 replicates, each with 10 replicates of random taxon addition heuristic search. All branches with bootstrap values of Ͻ70% were collapsed. Two other members of the genus Cucumovirus, Peanut stunt virus (PSV) and Tomato aspermy virus (TAV), were included as outgroups. The GenBank accession numbers of 13 CMV isolates with full-length nucleotide sequences and of PSV (strain ER), used as reference isolates, have been given by Roossinck (33) . The GenBank accession numbers of TAV (strain V) are D10044 (RNA1), L79972 (RNA2), and AJ277268 (RNA3).
RESULTS
Genetic structure of a California CMV population. RT-PCR products corresponding to genomic regions 2b and MP and the RNA3 3Ј NTR of 81 CMV isolates were analyzed by SSCP. Each SSCP pattern was considered to be a distinct haplotype. Sixteen haplotypes were observed for the 2b gene. One was predominant (haplotype C) and corresponded to 52 isolates, all belonging to group ␣ ( Fig. 2A) . For the MP gene, we first used KpnI to cleave the PCR product into three smaller DNA fragments of 321, 502, and 18 bp (only the SSCP bands of the 321-and 502-bp fragments are shown on the gels). KpnI failed to digest PCR products for 23 isolates; therefore, AccI was used for these 23 isolates to yield two fragments of 331 and 510 bp. However, PCR products for three isolates were not digested by AccI, and therefore these were directly used for SSCP analysis. Considering the SSCP analysis and restriction endonuclease digestion results, 21 haplotypes were observed for the MP gene. Haplotype C was predominant, corresponding to 35 isolates, of which 34 were from group ␣ and 1 was from group ␤. Haplotype P, corresponding to 13 group ␣ isolates, was the second most frequent, and haplotype E, found for 9 isolates (5 from group ␣ and 4 from group ␤), was the third most frequent (Fig. 2B ). For the RNA3 3Ј NTR, 16 haplotypes were found. Haplotypes A and B were the two predominant haplotypes, corresponding to 35 (33 from group ␣ and 2 from group ␤) and 26 (20 from group ␣ and 6 from group ␤) isolates, respectively (Fig. 2C) . Collectively, these results showed that the California CMV population comprised one to three predominant haplotypes, depending on the genomic region analyzed, and a number of minor haplotypes with low frequency. Genetic diversity of the California CMV population. The nucleotide sequences of the 2b and MP regions and the RNA 3 3Ј NTR for one isolate of each haplotype were determined from RT-PCR products in order to estimate genetic diversity. Genetic diversity (average nucleotide substitutions per site for pairs of randomly selected haplotypes) was estimated based on the haplotype frequencies (obtained from SSCP analysis) and nucleotide distances of the 2b, MP, 3Ј NTR, and CP regions. Data obtained from SSCP and sequence analyses of the CP gene described previously (22) were used in the estimation of genetic diversity here. Among the four genomic regions analyzed, genetic diversity was significantly lower for group ␣ (collected from cucurbit plants, same location and year) than for group ␤ (collected from various locations, host plants, and years) (P ϭ 0.01) ( Table 2) . Curiously, the 2b gene had the highest genetic diversity for group ␤ isolates but the lowest for group ␣ isolates (Table 2 ). For the California CMV population, genetic diversity ranged from 0.01323 Ϯ 0.00275 to 0.02186 Ϯ 0.00607 according to the genomic region analyzed; this gave a mean genetic diversity of 0.01648 Ϯ 0.00366 (Table  2) . , as well as the haplotype frequencies for group ␣ and ␤ isolates, respectively (lower numbers) (e.g., 0 ϩ 1 means that no isolates in group ␣ and 1 isolate in group ␤ have pattern A). For the MP gene, those isolates without a KpnI site were digested by AccI; however, three isolates were digested neither by KpnI nor by AccI (lanes T and U). Phylogenetic relationship among CMV isolates. Phylogenetic analyses of genomic regions 2b, MP, and 3Ј NTR were performed by using nucleotide sequences of isolates corresponding to the different haplotypes (Fig. 3 ) in order to clarify the evolutionary relationships among these CMV isolates. For the 2b gene, various isolates of group ␣ (CK31, CK35, CK13, CK5, and CK27) formed a clade supported by a bootstrap value of 87%. The group ␤ isolates were much more dispersed and fell into distinct clades (e.g., 113B, 190A, MD284, and SJ91B) (Fig. 3A) . For the MP gene, four group ␣ isolates (CK7, CK5, CK58, and CK27) formed a small clade with a supporting value of 92%, which fell within a large clade composed of most isolates. The remaining group ␣ isolates were unresolved, forming polytomy clades (Fig. 3B) . However, as for the 2b phylogeny, group ␤ isolates appeared to be more diverse than group ␣ isolates. The same trend was also observed in the phylogenetic tree based on the 3Ј NTR (data not shown). These results showed that group ␣ isolates were closely related.
Inter-and intrasubgroup reassortment revealed by phylogenetic analysis. Genetic exchange and recombination also can be important factors affecting virus evolution and the resulting populations. To assess whether evidence suggested that genetic exchange events had occurred between California isolates, we performed phylogenetic analyses of sequence data sets for 14 California isolates corresponding to 2b (RNA2), MP and CP (RNA3), and the 3Ј NTR of RNA3, as well as parts of the CMV coding regions for the 1a (RNA1) and 2a (RNA2) proteins. These 14 isolates (2 from group ␣ and 12 from group ␤) were chosen as representative of the California population based on the nucleotide distances of isolates in the population. In addition, 13 CMV isolates whose complete genome sequences were in GenBank were used for reference. The bootstrap maximum-parsimony trees for these genomic regions are shown (Fig. 4) . Strikingly, isolate Ca was assigned to subgroup IA based on phylogenetic analysis of the MP and CP regions and the 3Ј NTR of RNA3 (Fig. 4A, B , and C) but to subgroup IB based on the 1a, 2a, and 2b genes (Fig. 4D, E, and F) . In addition, trees for all three regions of RNA3 showed similar topologies, including the placement of isolate Ca, and trees for the two RNA2 genomic regions (2a and 2b) also showed similar topologies. Based on these congruent topologies, it seems unlikely that recombination events led to the origin of isolate Ca; rather, these topologies suggest that genome segment reassortment could have played a role. However, because only partial sequences of the 1a and 2a genes were used, phylogenetic analyses were performed in parallel by using complete 1a and 2a sequences for 13 CMV isolates (from GenBank) and also using partial sequences (corresponding to those obtained for our CMV isolates) for the same 13 isolates. These analyses were performed to assess the validity of our data; the results showed that, for the 2a gene, the two data sets gave essentially identical tree topologies, suggesting that the partial 2a sequence can be used for reconstruction of the evolutionary history of the 2a gene. In contrast, the topologies for the 1a gene in the two data sets were slightly different. Based on the complete sequence of 1a, isolate Leg was placed into a clade together with isolates Fny and Y, but Leg was unresolved with respect to isolates Fny and Y when the partial sequences were used (data not shown and Fig. 4D ). In spite of this, our phy- logenetic analyses still suggested that isolate Ca was a natural reassortant resulting from genetic exchange between subgroup IA and IB isolates. However, no potential ancestors of this isolate were identified among the 27 isolates analyzed here. Genetic exchange can result from mixed infections. Therefore, it is possible that the parental sequences could still be present in isolate Ca, but at a low proportion within the resulting hybrid isolate. It is possible that the minor sequence variants (or parental sequences) could outcompete the hybrid isolate in a different host species, thereby allowing them to be easily detected (16) . To test this possibility, 30 clones each from RT-PCR products of the 1a, 2a, and MP genes amplified from small, CMV Ca-infected sugar pumpkin plants, and 30 clones each of the 2b and CP genes amplified from CMV Ca-infected Nicotiana benthamiana plants were analyzed first by SSCP and then by nucleotide sequence analysis of clones representing the different haplotypes as described above. However, no sequences corresponding to RNA3 subgroup IB or to RNA1 or RNA2 subgroup IA were found (data not shown).
Close examination of the topologies for subgroup IA isolates also suggested evidence for reassortment between some subgroup IA isolates. Examination of the trees for the RNA2 coding regions showed that isolates V27, CK31, and CK33 appeared to be closely related ( Fig. 4E and F) . However for RNA3, V27 was placed separate from CK31 and CK33 but closer to C94M3 (Fig. 4A, B , and C). CK31 and CK33 were placed with several isolates including C94T1. To help clarify their relationships, pairwise nucleotide distances among these isolates and a subgroup IB isolate (NT9) were calculated by using sequence data for the 2a, 2b, MP, and CP coding regions ( Table 3 ). Assuming that C94T1-like and V27-like isolates were the parental strains, these data suggested that RNA3 of isolates CK31 and CK33 came from a C94T1-like isolate but RNA2 (the 2a and 2b coding regions) came from a V27-like isolate. For isolate SJ91B, these analyses suggested that RNA3 (based on the CP and MP regions) also originated from a C94T1-like isolate, but the origin of RNA2 (based on the 2a and 2b sequences) was not clear. RNA3 of isolate C94M3 could have originated from a V27-like isolate, but the parental isolate for RNA2 (based on the 2a and 2b sequences) was also unknown.
Different evolutionary processes may have affected different genomic regions. The rate of molecular evolution differs from one gene to another and even from one part of a gene to another part of that same gene. Due to the small size and high efficiency of RNA virus genomes, even synonymous mutations might be subjected to selective constraints due to codon usage bias or RNA structure. To provide insight into the evolutionary processes affecting different genomic regions of CMV, we examined different population genetics parameters for the California CMV population based on the 1a, 2a, 2b, MP, and CP coding regions of 20 randomly selected isolates.
, the average number of nucleotide differences between two random sequences in a population (also called genetic diversity), and (S), the statistic of the number of segregating sites, were used here as two indicators to estimate genetic variation. For both estimations, the order of genetic variation, from greatest to least, was as follows: 2b, 2a, 1a, MP, and CP (Table 4) . Thus, the 2b gene showed the most segregating sites and the highest frequency of mutations among the different genomic regions analyzed here. In terms of the number of nonsynonymous mutations, less than one-third of the mutations for 1a, MP, and CP were nonsynonymous, but the percentage was much higher (50% or higher) for the 2a and 2b regions, suggesting that the 2a and 2b genes were more flexible with regard to amino acid changes. To further understand the evolutionary constraints imposed on different coding regions, the ratio of the average number of nonsynonymous substitutions per nonsynonymous site (K a ) to the average number of synonymous substitutions per synonymous site (K s ) was esti- 
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on June 23, 2017 by guest http://jvi.asm.org/ mated. The K a /K s ratios for all coding regions analyzed here were less than 1.0, indicating that they were all subjected to negative selection (Table 4 ). The 1a, MP, and CP genes showed low K a /K s ratios, suggesting high selective pressure, whereas the K a /K s ratios for the 2a and 2b regions were 5 to 36 times higher ( Table 4 ), suggesting that the proteins encoded by these two genes were considerably more tolerant of amino acid changes.
To compare in detail the selective constraints across coding regions 1a, 2a, 2b, MP, and CP, we also analyzed the distributions of both synonymous and nonsynonymous mutations. For 1a, the curve of synonymous mutations showed a steady increase with a generally consistent slope, suggesting that the synonymous mutations were relatively evenly distributed across the region and thus were selectively neutral. However, most of the nonsynonymous mutations in the 1a coding region were clustered around codon positions 180 to 260 (Fig. 5A) . The cumulative incidences of the synonymous mutations for the MP and CP coding regions were similar to each other. Accumulation of only a few synonymous mutations was observed, but some areas showed very few mutations. For example, mutations occurred at only four and three positions within positions 159 to 198 of the MP region and positions 98 to 151 of the CP coding region, respectively ( Fig. 5D and E) . The nearly flat lines showing the distribution of nonsynonymous mutations indicated very strong negative selection against amino acid changes across the entire MP and CP regions ( Fig.  5D and E) . For 2a, the cumulative incidences of both synonymous and nonsynonymous mutations increased steadily across the sequence, showing consistent slopes, suggesting that there was little bias in the distribution of these mutations (Fig.  5B) . The cumulative behavior of 2b was distinct from that of other regions (Fig. 5C ). For the region overlapping 2a (positions 1 to 80), the distributions of both synonymous and nonsynonymous mutations were uneven. Mutations were few within positions 1 to 20 and 30 to 53 but frequent within positions 55 to 80. Interestingly, within a short section (codons 81 to 93) of the nonoverlapping region of 2b (codons 81 to 111), the average number of nonsynonymous mutations was greater than the number of synonymous mutations (Fig. 5C ). This region corresponds to nucleotide positions 2659 to 2697 of Fny RNA2. Further analysis showed that 87.5% of the mutations in this area were nonsynonymous, and the K a /K s ratio was estimated as 5.21709 (0.03052/0.00585), suggesting that this area might be under positive selection.
Synonymous codon usage bias was calculated by using the ENC. The value of ENC for these coding regions ranged from 55.405 to 59.696, suggesting that these coding regions had only a slight bias in codon choice (Table 4) .
DISCUSSION
Based on the SSCP profiles of the 2b and MP regions and the 3Ј NTR of RNA3 in this study (Fig. 1) , and on that of the CP gene in a previous study (22) , we found that these genomic regions for the isolates comprising the California CMV population were composed of one to three predominant haplotypes and a large number of minor haplotypes for the specific genomic regions analyzed. The population also exhibited overall low genetic diversity, averaging 0.01648 Ϯ 0.00366 (Table  2) . Similar genetic structure and diversity have been found in populations of most plant viruses studied so far (19) . Among those California CMV isolates analyzed here, group ␤ isolates showed significantly higher genetic diversity (mean, 0.04129 Ϯ 0.00865) whereas group ␣ isolates showed very low diversity (mean, 0.00606 Ϯ 0.00159), irrespective of the genomic region used for analysis (Table 2 ). This result is not very surprising for the group ␤ isolates, because they were collected from different host plants and locations and in different years. Phylogenetic analyses using nucleotide sequences of CMV isolates of the different haplotypes revealed that group ␣ isolates were closely related (Fig. 3) . Together with the low diversity among group ␣ isolates, these data suggest that group ␣ isolates were most likely derived via a founder event from a common ancestor and that they only recently colonized and spread within the area. However, we cannot rule out the possibility that the low diversity and close evolutionary relationship among isolates in group ␣ could also be due, at least in part, to selection by the host plant, since all the group ␣ isolates were collected from cucurbit plants (although of different cultivars [22] ).
Phylogenetic analyses of different CMV genomic regions revealed natural reassortment between subgroup IA and IB isolates and potential reassortment between subgroup IA isolates but yielded no evidence for recombination (Fig. 4) . Our results are seemingly in agreement with the hypothesis that the purpose of a multipartite viral genome is to favor genetic (25) .
g ENC, effective number of codons.
FIG. 5. Cumulative incidences of synonymous and nonsynonymous substitutions in coding regions 1a (A), 2a (B), 2b (C), MP (D), and CP (E)
. The x axis represents the position of the codon, and the y axis represents the average cumulative number of synonymous or nonsynonymous mutations estimated at a specific codon position. Red, green, and black curves, synonymous, nonsynonymous, and indel mutations, respectively. See Fig. 1 for diagrams of the genomic regions analyzed.
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exchange through reassortment (7, 30) . However, conflicting data arguing against this hypothesis have been provided in a report for a Spanish CMV population in which both recombination and reassortment were infrequent, and reassortment was not more frequent than recombination (16) . Thus, the absence of detectable recombinants in our study may also be explained by two alternative scenarios: either (i) recombination events occurred between two closely related isolates and are difficult to detect by the methods we used here or (ii) recombination events did occur, but the resulting recombinants were not favored and subsequently were selected out. Indeed, recombination events in the CMV genome and CMV satellite RNA have been described recently in both experimental systems and natural populations (1, 2, 4, 10, 16, 18, 37) . Estimation of various population genetics parameters showed that coding regions on RNA2 (2a and 2b) were more variable, suggesting that the resultant proteins were more tolerant to amino acid changes than were regions on RNA1 (1a) and RNA3 (MP and CP) ( Table 4) . Among all the coding regions analyzed here, the 2b gene appeared to be the most flexible. Furthermore, a short region in the 2b gene, corresponding to nucleotide positions 2659 to 2697 of RNA2, might be subjected to positive selection. It is noteworthy that the extent of selection pressure imposed on different coding regions seems to be correlated with the functions of the proteins they encode and/or their interactions with the host. This correlation, inferred from phylogenetic analyses of 15 CMV isolates with full-length sequences in GenBank, has been proposed by Roossinck (33) . It is of interest to consider the 2b protein and its role(s) in host interactions. The 2b protein is related to long-distance movement and virulence and is a suppressor of RNA silencing (3, 13) . Unlike the conserved 1a-membrane, MP-plasmodesma, and CP-RNA and -aphid vector interactions (11, 29) , the 2b-host interaction has been suggested to be host specific. The fact that the 2b protein is essential for long-distance virus movement within cucumber plants but not for systemic spread in Nicotiana spp. is evidence in support of this hypothesis (13) . This host-specific function of the 2b protein was believed to provide a genetic basis for the extremely wide host range of CMV (13), thereby theoretically allowing 2b to be considerably more tolerant to nucleotide and amino acid changes. Additionally, the 2b gene is present in all members of the genus Cucumovirus but in only one other genus of the family Bromoviridae, the genus Ilarvirus, and is proposed to be a novel, naturally occurring hybrid gene (13, 42) . One might argue that since approximately 72% of the 2b gene is embedded within the 2a gene, its high variability might be affected by its overlapping nature. However, high variability was also observed in a short, nonoverlapping region of 2b (codon positions 81 to 93 [ Fig. 5C] ). Considering these facts together, it is reasonable to postulate that positive selection might still be apparent in the 2b gene and that this gene is still evolving. Further analysis for positive selection in the 2b gene will require the use of more-sophisticated tools and additional data sets.
Analysis of the distribution of synonymous and nonsynonymous mutations revealed that different coding regions exhibit different cumulative behaviors of mutations (Fig. 5) , indicating that different parts of these coding regions are under different evolutionary constraints. This notion is consistent with the idea that different coding regions are under different selection pressures, as revealed by the estimation of K a /K s ratios (Table 4) . The lack of synonymous mutations in some coding regions, i.e., codon positions 1 to 20 and 30 to 50 in the 2b coding region and positions 98 to 151 in the CP coding region (Fig. 5C and E) also suggests that these regions might be subjected to negative selection, possibly due to codon usage bias and/or maintenance of RNA structures (primary, secondary, and tertiary) important for RNA-RNA or RNA-protein interactions. It is also possible that the sample size in our study was insufficient for accurate analysis of these regions. The first scenario seems less likely, since an estimation of codon usage bias based on the ENC suggested that there was only slight bias in codon usage in these coding regions (Table 4) . Interestingly, CP codon positions 98 to 151, corresponding to nucleotide positions 1564 to 1721 of Fny RNA3, were also found to have only a few mutations in quasispecies populations recovered from various host plants infected by a genetically identical CMV population (36) .
